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ABSTRACT

Plastic behavior has previously been observed in metallicamteects undergoing high
current density electromigration (EM) loading. In this study of i6terconnects, using the
synchrotron technique of white beam X-ray microdiffraction, weeHavther found preliminary
evidence of a texture correlation. In lines with strong (111) tegtuthe extent of plastic
deformation is found to be relatively large compared to that akeretextures. We suggest that
this strong (111) texture may lead to an extra path of masporams addition to the dominant
interface diffusion in Cu EM. When this extra mass transportnsetp affect the overall
transport process, then the effective diffusiviDg, of the EM process is expected to deviate
from that of interface diffusion only. This would have fundamental irapbos. We have some
preliminary observations that this might be the case, and we répamplications for EM

lifetime assessment in this manuscript.
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INTRODUCTION

Most interconnect metals are aggregates of crystallinesyrahe crystalline lattice of
each grain has a characteristic orientation, and a polycrigstéhus characterized by a
distribution of orientations — its texture. Texture governs manthefphysical, electrical and
mechanical properties of polycrystalline materials. In metalconductor lines in
microelectronics integrated circuits, texture has been known to ipipgrtant roles in the
performance and reliability of the conductors, for instance in electroioigi@m).

Recently, an unexpected mode of plastic deformation has been obiseAtéd as well
as in Cd® interconnects during EM stressing. This deformation occurs not\inramdom
direction, but always in a certain direction related to the iaterect geometries. Texture and
crystal plasticity have a close, intertwined relationshipxtures evolve during plastic
deformation, while plastic deformation often depends on crystallographientations.
Understanding crystal plasticity and how it progresses inciomerect lines during EM therefore
might lead us to fundamental insights on the role of texture in EM.

The grains that exhibit plastic deformation were always obdaosdeform (bend, rotate
or polygonize) transverse to the direction of the electron flow enlitte, or in other words,
across the width of the Iif€ It has been further observed, especially in Cu [lffafhat the
occurrence of plasticity can be correlated with the availgbdit a <112> direction in the
proximity of the direction of the length of the line (within about 10°).

In the present study, we investigate a different set of Ca federicated by a different
manufacturer. This set of Cu lines differs with the previou&®seta few ways; chief among

them is texture. Using the synchrotron technique of white beamy Xwiarodiffraction’



developed in Beamline 7.3.3 at the Advanced Light Source, Berkeleywealfpllow the
evolution of plasticity in Cu polycrystals during similar EM esipeents. We observe a strong
texture dependence and propose a model to explain the prominent observation.

However, as we establish this texture-plasticity correlatlom effect of plasticity on the
Cu EM degradation process remains unresolved. Based on the results edindngmy
observations of the present study, we propose a model suggestinettedfect of plasticity
might be that of a damaging one to the Cu EM degradation prodess, these results may

suggest the more desirable texture of Cu interconnect lines for EM.

EXPERIMENTAL

The interconnect test structure used in this study is a variatiarBEoL (Back-end-of-line)
process for a 65 nm CMOS technology, as shown in Figure hidntechnology, the dual-
damascene Cu fill process includes a standard Ta-based badi€u seed, electroplated Cu
fill, post-plating anneal, chemical-mechanical polish and a dredecap layer. Two different
inter-layer dielectrics (ILD) were integrated with copp@éw/lowk ILD (Low-k = CVD carbon-
doped oxide) and Cu/hybrid ILD (Hybrid = Cu/lowat the line level and Cu/FTEOS at the via
layer). Both ILD materials were studied in order to provide a cosga of the extent of
plasticity. The metal two (M2) lines were studied afteriparemoval of the top dielectric to
expose the capped Cu lines (Figure 1(a)). In these EM testsuttent was forced from the

wide, upper metal layer (M3) into narrow M2 (called a V2M2 testirom a wide lower metal



layer (M1) into a narrow M2 (referred to as a V1M2 testthBstructures are designed to force
failure in M2 at its critical dimension.

The first set of test structures consists of g0Blong lines, approximately 0y#m thick,
and 0.5um wide. Due to limited beam time, typical of synchrotron expartsjeonly segments
of 50 um length at both cathode and anode ends of the line were studiede(E(@)). The
dielectric is carbon-based CVD oxide ("ld#4in Figure 1(c)). The second set of interconnect
test structures was prepared with dimensions similar to thake @ifst one, but with the hybrid
ILD material (SiQ-based). The line length is 2@@n, the thickness is approximately 0.2&
and the width is 0.7um. Similarly, only segments of 50um length at both cathode and anode
ends of the line were studied.

The synchrotron technique of scanning white beam X-ray microciifira has been
described in a complete manner in a previous publicAfidre experiment was performed on the
Beamline 7.3.3. at the Advanced Light Source, Berkeley, CA. The EMwvies conducted at
300°C on a via-terminated test structure (Figure 1(b)). Current and voltage weiterad at 10s
increments. The sample was scanned by the 0.8 pn0 §pot-sized white X-ray beam in Qubn
steps and a Laue pattern was collected at each step usindRa&CKZR detector. A complete set
of CCD frames takes about 6 to 7 hours to collect. The exposurevas@0s plus about 6s of
electronic readout time for each frame. Laue patterns wedysequently analyzed using the
XMAS (X-ray Microdiffraction Analysis Software) to obtain orimation regarding plastic
deformation for each crystal grain in the sample. The curreatraraped up to 2 mA € 2
MA/cm? and then set at that value for the rest of the test (up tooB6s)h The ambient

temperature in the synchrotron end-station (hutch) where the tests werenpdrf®26C.



RESULTS

Thein situ electromigration (EM) observations will be described firsguFes 2(a)-(c)
show the typical evolution of the Laue diffraction spots duringith®tu EM test. Figure 2 is
early in the EM test, sampled after 36 hours of testing. The olobsbreadening of the Laue
diffraction spots (streaking) represents plastic deformation of the Cis gmdinced by EM:*

As the EM test progresses, plasticity is observed in ther@uasgthroughout the line,
such as demonstrated in Figure 3(a). Plasticity here mayfastiself either in the form of
diffraction spot broadening (streaking) or in the form of diffracspot splitting (into two or
even more different spots). The broadening of the diffraction spatssents crystal bending of
the Cu grains in the line, whereas the split diffraction spotsatelitie formation of low-angle
boundaries or sub-grain structufésFrom the amount of broadening, the bending of the Cu
crystal can be calculated. From the degree of splitting, thee asfghisorientation between
subgrains can be determin&d.

Not only was plasticity observed, but also the direction of thstiplaeformation is
generally consistent across grains throughout the segments bhehender observation, as
shown in Figure 3(a). This is consistent with our observation on theopseset of Cu line$®
Cu grains plastically deform in a direction transverse to lietren flow direction in the line.
Such directionality can simply be accommodated by a distributiorsamhe-sign edge
dislocations with cores as illustrated in Figure 3(b), i.e. with<th&2> line direction of the
dislocations all lining up along the direction of electron flow in the line.

Exact grain orientation mapping of these Cu lines unfortunatelyl cmilbe obtained in

the present study. The X-ray spot size (0.8 xp@§ currently used in ALS beamline 7.3.3 was



relatively large for the dimensions of these state-of-tharddrconnect lines. That makes
diffraction spot indexation very difficult and thus mapping of grainntaions and other further
guantitative analyses unreliable. The few Cu grains that we sh&igure 3 were among the
limited number of grains in the two Cu lines for which indexationthef diffraction spots
happens to be sufficiently clear and unambiguous for this analysienbral, the larger the Cu
grains and the more bamboo-like they are, the more they difrecply and give numerous
diffraction spots, thus giving higher confidence on the reliability of thesdts. That being said,
it is fortunate that the evolution of Cu diffraction spots before atet gbme period of EM
testing can still be compared qualitatively, as demonstrated in Figure 2.

The extent of the EM-induced plasticity observed in the presemples will now be
determined. Figures 4(a) and (b) show still different addition&iadiion spots observed during
this experiment (after EM testing of 36 hours, at 300 °C and 2 MAdament loading) from Cu
lines with the lowk and the hybrid dielectrics, respectively. The diffraction spot® Hmeen
converted tg-0 angular space, withrunning along the direction of the length of the line, &nd
across the direction of the width of the line.

The observed broadening and spot splitting can be used to obtain indor@adut the
dislocation structure induced into the grain by EM. For instanam fhe streak length of Figure
4(a), as measured in the digital camera image, and knowing tipdestantetector distance, we
determine the curvature angle of the grain to be 9.8°. Assuming dam®&oo structure, the
grain width is the same as the width of the line (0.5 pm), frémelwwe determine the radius of
curvature of the grairR = 2.34 um. The geometrically necessary dislocation density néeded
account for the observed curvature can be calculated from the Cahrelsonshig;® p = 1Rb

whereb is the Burgers vector. The geometrically necessary dislocation @&ti3ity is thep =



1.68x16%m® The total number of dislocations in the area of the cross-sectidgheofu
line/grain is approximately 142.

To obtain quantitative information on polygonization walls (subgrain bowegjafiom
the spot split in Figure 4(b) we observe that the Laue spotirsplitdy = 9.1°. From this
misorientation and Burgers’ model of a small-angle grain boundarys b/L, whereL =
dislocation spacing, we find that= 16 A which amounts to a total of 110 dislocations in the
subgrain boundaries in the cross-section of the Cu line/grain. @h&dtes to a GND density of
p =1.12 x16°m?,

The extent of the plasticity as described here (0m?) is observed across all grains
throughout the segments of both lines with different dielectricrsebeThe significance of the
difference in our analysis above, in terms of the extent of thetigty, as well as, its
manifestation (grain bending vs. polygonization) between the two Cu Vimbs different
dielectric schemes requires added confirmation. Neverthelegptbeide a general indication

of the extent of plasticity in these Cu lines.



DISCUSSION

Electromigration-induced Plasticity: The Texture Correlation

Compared to the typical observation of the extent of the EM-induaediqity in the
previous set of Cu interconnect life%this set of samples exhibits at least a two-order of
magnitude difference, in terms of GND density (Figure 5). Tdmapdes studied previously
(referred to as "Samples A") exhibited~ 10*-10"¥m? and the samples in the current study
(referred to as "Samples B") exhibited 10/m?. Samples A and B differ fairly significantly in
dimensions, as well as the dielectric materials used, as shawgure 5 (the dimensions are to
scale).

Figure 5 shows the typical evolution of the Laue reflectiom® the Cu lines from the
initial state (RT,) = 0,t = time = 0) to the EM state (after some EMz= 300°C,j ~ 2.0 - 3.1
MA/cm? t ~ 36 - 96 hrs). Care waaken in order for the observed intensity contours in/the
coordinate in Figure 6 to be comparable (the windows all cover afsagiares of a range of 7°
- 10° in angle space, and the threshold of the lower-bound intensipayliwas set to be
similar). Thus it is obvious from the relative apparent difference the extent of
streaking/splitting of the Laue diffraction spots that the lesklplastic deformation that
developed during the course of EM in Samples B is distinctly larger than tBatrgdles A.

As the two sets of samples (Samples A vs. B) under invastigate provided by
different integrated circuit manufacturers, it is not possibleompletely quantify the process
differences (dielectric type, materials processing and thdmstary) in their technologies in this

publication. It is known that the two sets of samples differ in desfrdimension and dielectric



materials used; however, it is assumed that the main ditfeyes far as EM-induced plasticity
is concerned, is the crystallographic texture of the Cu lines. Frertexture analysis conducted
in our previous studywe know that Samples A have a rather weak (111) texture. Asometht
earlier, the exact grain mapping for the present study (®smp) could not be obtained;
however, Samples B came from the same manufacturer of thiel iGla lines studied
previously™ It is therefore reasonable to assert that Samples B woutd tha typical strong
(111) texture as observed by Beszel.*°

While other process and dimension differences between these tvad satsples include
dimensions and dielectric materials are acknowledged, wevbdhat these differences cannot
satisfactorily explain the differences in the extent of madformation. For example, the Cu in
Samples A is surrounded completely by dielectric materiaiciwis a fluorinated Si@based
dielectric, and thus generally believed to constrain the Cu linésr lzetd should result in less
plastic deformation. This is consistent with our observation of Samples. Samples B, but the
different dielectric schemes in Samples B, do not appear tt #fie level of plasticity in the Cu
lines. Another example involves the size effect. Wider lines seeraxhibit more plastic
deformation in our previous study,such as also shown in Figure 6(a). However, Samples B
actually are much narrower, and also much smaller in all cext®sal dimensions than
Samples A, but yet Samples B exhibits two orders of magnitude more EM-industcitgla

Figure 6 is a comparison summary of the known information abouCthénes in
Samples A vs. Samples B. First, Samples A shows a weak (klureteand we found the extent
of EM-induced plasticity in the order pf~ 10*- 10"¥m® Subsequently, Samples B was found
with p ~ 10°/m? after similar EM conditions — a significantly larger amountEdd-induced

plasticity. Besseet al.’® suggested that Samples B have the typical strong (111) teXtige



observation of significantly larger EM-induced plasticity in $&a B compared to that of
Samples A, thus, is consistent with our earlier observation, iefipetetailed in Reference 6,
that the occurrence of plastic deformation in a given grainbeastrongly correlated with the
availability of a <112> direction of the crystal in the proxymif the direction of the electron
flow in the line (within an angle of 10°). In <111> out-of-plane oriemedns in a damascene
interconnect scheme, the crystal plane facing the sidewwls teo be a {110} plane, so as to
minimize the interfacial enerdy:**Therefore, it is deterministic rather than probabilistic that th
(111) grains will have a <112> direction nearly parallel to tmection of electron flow or the
direction of the length of the line. This is illustrated in Figure 6(b).

In Samples B, most grains are <111> in out-of-plane orient&ioch as shown in the
FIB mapping in Figure 6(b)), and thus prefer energeticallyateetthe <110> directions normal
to the sidewalls, thus causing a <112> direction to be very close w@irection of the electron
flow. When this condition is met, our proposed correlation discussed prei®us studies?
and in greater detail in Reference 6, suggests that phasicgturs in these Cu grains upon EM,
and not only did it occur in the present study, the extent of thegithabiere was rather extreme.
Samples A, in the meantime, have only a few grains that are <fldu#-of-plane orientation,
which led to the occurrence of plasticity only in these few grairtbe Cu lines after EM. In
most other grains (i.e. non <111>-oriented grains), a <Mietion of the Cu crystal is not
likely to be the direction of the electron flow of the lines. Thuastutity was not observad

many grains in the Cu lines of Samples A.
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Dislocation Cores as Fast Diffusion Paths in Metallic Interconnest

The observed plasticity described above (see Figure 3) leadohwentration of same-
sign edge dislocations with cores running along the directioneatreh flow, as illustrated
three-dimensionally in Figure 7. When this configuration of same-siga dislocations extends
through grains along the full length of the interconnect lines, thecdisbn cores can serve as
additional paths for diffusion of atoms from one end of the interconimextto the other.
Dislocation cores are, in general, already recognized asdfigsion paths® but in this
configuration especially, their contribution to the overall migratf atoms from the cathode to
the anode end of the line is even more pronounced. Furthermore, when theratinoesftthese
dislocations becomes high enough, their contribution to the overall effetitiusivity (Des) can
no longer be neglected.

In this context the effective diffusivity can be written as

int +pacoreD(i§fre 1 (Eq')

5
D, =—D
“h

whereagye is the cross-sectional area of dislocation coBeS, is the effective core diffusivity

is the dislocation density, anf] h and D;; are the effective interface diffusion thickness, the

height of the line and the diffusivity of the interface, respectivitlis necessary here to use

D, the effective core diffusivity (instead of simply,,. , the core diffusivity), because for the

re !
dislocation cores to have an effect on mass flow along theefujthh of the line, a continuous

diffusion path (across grains) must be available for atoms tgoteinfsom the cathode end to
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the anode end of the lines. Considering the mostly bamboo grain srtiwatiour interconnect
lines have (as shown in Figure 3), this requires consideration of lgoaimdary diffusion, as
atoms eventually hit the grain boundaries and have to travel distaace in the grain boundary
before finding another set of dislocation cores (belonging to éighboring grain) to continue

their travel to the other end of the line. This is illustrated reettieally in Figure 8. Thus, the

eff
core !

effective core diffusivity,D here will be defined as the effective diffusivity along the

dislocation cores when the effect of the grain boundary diffusion is taken into account.

It is obvious that only when the effect of the grain boundary diffusioeggigible (or in
other words, the grain boundary diffusion is a fast enough process), can iislooats provide
a competitive alternative diffusion path and influence the overf@ttefe diffusivity, D, as
suggested in Equation 1. In order to study quantitatively the imgfattis grain boundary

diffusion on the overall dislocation core diffusio{' ), we derive the kinetics for such a

model and arrive at the expression below B (the full derivation is provided in the

appendix),

D:ﬁore = Dcore 25gb ngL . (qu)
2é‘gb ng L+ rcire Dcore In(R/rcore)

whereé,, andD, are the effective width and diffusivity of the grain boundary, respagtil

is the overall length of the diffusion path,_ . is the radius of the dislocation core, &k the

céore

mean distance in the grain boundary diffusion to the next dislocation core.
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The influence of grain boundary diffusion on the overall/effective dasioc core

diffusivity, D, thusdepends on the relative magnitude of the two terms in the denomimator i

core’

the Equation 2. If

2§gb ng L >> rc?)re Dcore In(R/roore) ’ (Eq3)

eff
tore

then as evident from Equation degenerates into simdD,,., or in other words, there is

ore?

very little influence of the grain boundary diffosi in the overall scheme in Figure 8. If the

reverse is trueD® will be much smaller thab

core core’?

in which case it is clear that the grain
boundary slows down the overall diffusion signifidg.
Referring now to the textbook values for grain taary and core diffusion compiled in

Table 11* *" and compared in Table 2, it is evident that 24g D ,L term in Equation 2, as
well as in Equation 3, is at least 4 orders of nitagies larger than the’ .D,,. IN(R/r,.) term.

This leads to the degeneration®f’_ into simply D, in Equation 2, reducing to Equation 4

core

Dg)fre ~ Doore " (Eq4)

The practical implication of Equation 4 is that mgiically continuous pipe (dislocation core)
diffusion path across multiple grains between tathade end and the anode end of the line is
indeed available for atomic transport in the Cu $ésictures under accelerated EM testing.

An extreme would be to take the activation endogygrain boundary diffusiorEa g, to

be theEx for lattice diffusion, which is 2.04 e¥#. This is a much higher activation energy than
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that of grain boundary diffusion. In this case, st®w that the combined diffusivity would be
dominated by such slow diffusion in the hypothdtiggain boundary."” The effective transport
through dislocation cores in this case would bevetb down by nearly 4 orders of magnitude
due to the effect of the hypothetical grain bougda&his is shown in Figure 9, which compares

calculated diffusivities as a function of temperatdior three different schemes of diffusion

(D, DI “asitis,” andDS"_ “extreme,” as defined above). THE" “extreme” line is close

core core

to 4 orders magnitude lower thd@{"_ line (with crosses), which are practically on tafpeach

other with theDye line (with buttons) as suggested by Equation 4.

It is therefore reasonable to propose that a futigtinuous network of dislocation cores
running along the direction of the length of theeli slowed only by less than 0.01% by grain
boundary diffusion, exists in the Cu interconnéwes studied during EM under accelerated test
conditions in this study. This makes it a viablee@dative for global transport of atoms in Cu
interconnects under EM bias.

The existence of a viable path of dislocation cdréusion alone, however, is not

sufficient to influence the overall kinetics in Eion 1, that is, if the dislocation density (or
Penp ) 1S NOt high enough. We cover this situation belamd show the importance of the

experimental results of the present study in undedsng the overall kinetics in Cu interconnect

lines under EM.
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Density of Core Dislocationsgcre): Extent of Plasticity

Diffusion along dislocation cores (“pipe diffusignhas been commonly included in
models of diffusion-controlled deformation in butiaterials** Sud® considered the motion and
multiplication of dislocations under the influenckan electric current in a conductor line, and
suggested that EM-driven dislocation multiplicatamuld itself lead to dislocation densities high
enough to affect EM degradation processes. Gatesyever, did not see any diffusivity effects
that could be attributed to dislocations in his erkpental study. Bakeet al.**through their
experimental study of nanoindented Al lines (width pm, mean grain size = 1yim) showed
that the effect of a dislocation density of'¥67 is comparable to diffusion through a grain
boundary. These studies all essentially suggesifttiae dislocation density is sufficiently high,
it may affect the overall EM degradation processeasetallic interconnects, and thus could have
fundamental implications.

We have, earlier in the manuscript, establishadl dislocations with cores running along
the electron flow direction and densities in thelesrof 13°m? are present in the Cu lines
undergoing EM (accelerated test conditions) for I8furs. Figure 10 is a comparison of
calculated diffusivities as a function of temperatbetween the interface diffusion path and
those of dislocation cores of various densitiein interconnect lines (3¥m? 10“/m?, and
10'/m?) when each diffusion mechanism is assumed tolaseaThe diffusivities are calculated
based on diffusion coefficient values in the litarg**** for Cu interconnect lines (tabulated in
Table 3), and for the interconnect dimensions asl usthe present study.

The dislocation density observed in the presentystipeno = peore = 10°/M?) is

illustrated as the solid line in Figure 10, illgtng that dislocation core diffusion is on the sam
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order of magnitude as that of interface diffusitime(dotted line) at the test conditionk £
300°C orl000/T = 1.75/K). Thus, a core dislocation density ot’4@’ is the dislocation density
threshold necessary for dislocation core diffudimie on par with interface diffusion. In other
words, at this dislocation density the contributimindislocation cores to the overall/effective
diffusivity in the Cu line during accelerated EM a@gpected to be at least the same order of
magnitude as interface diffusion and thus cannotdggected.

It is to be noted, however, that at temperature®rabelow 100 °C, the required
dislocation density for cores to have a significaomtribution to the diffusion would be on the
order of 18”/m? (the dashed line in Figure 10). These lower temipees correlate with the
typical use or operational conditions of the intencects. The typical initial (as fabricated)
dislocation density in Cu/metallic lines was takerbe 16¥m? (following Reference 13), and
the corresponding diffusivity is shown by the dakhketted line in Figure 10.

It is therefore reasonable to propose that theridanton from the dislocation core
diffusion (the second term in Equation 1) can nwkr be neglected in the Cu lines now that we
have evidence of the existence of such high derdftyislocation cores in the real Cu
interconnect structure. It is certainly true in tGe lines investigated in the present study
especially during EM at accelerated test conditioftse contribution from dislocation cores
would enhance the EM diffusion, or in other worthe total EM flux Jgv), since the total or
overall diffusion includes the existing, usuallyadioant interface diffusion, plus the observed
dislocation core or “pipe” diffusion. The increase this core diffusion to the point of
significance in the overall EM diffusion is relateathe kind and the extent of plasticity induced
by the EM process itself (i.e. through the increiasthe core dislocation density from the pre-

EM densitypeore = 10*¥m? to the observed densityye = 10°/m?).
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The result of this study gave a key piece of expemtal evidence that opens up the
possibility that such a high dislocation densityynganerally be present in the Cu test structures
undergoing EM. The circumstances and the impoitaptications of this special configuration

of dislocation cores for the EM degradation proessgvarrant discussion, as do the EM
reliability assessment methodologies. Wighp ~10"/m? observed in this study, alf’_ that is

not much reduced by grain boundary diffusion (asved in the appendix), the second term in
Equation 1 (ie. the contribution of the dislocatioare diffusion) can indeed no longer be
neglected. This means it will have important imglions to the fundamental understanding of
the EM degradation processes, as well as to thetreeigration reliability assessment

methodologies.
The Extra Dependency orj — Implications for EM and Reliability Assessment Methodology

If p should increase with then we will find thaD (the overall/effective diffusivity of
the EM process) should also increase witBonsequently, there will be an extra EM flux, and

thus an extra reduction in the time to failure k¢ evice with increasing This is an extra

dependency opy which would manifest itself in the value of therrent density exponen, (in

1\ (E,
MTF = A{Tj exp(ﬁj (Eas5)

Black’s equatioff), being >1.
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The fact thain is usually found in real cases to be > 1 (as opgpden = 1 for the
prevailing model of void growth limited failuré)*® suggests that this extra dependencyj,on
especially at high temperatures of the test camuhti could be due to dislocation core diffusion.
In other words, the higher could be traced back to the higher level of ptatstin the crystal,
and the closemn is to unity, the less plasticity must have infloed the electromigration
degradation process.

Kirchheim and Kaebét experimentally observed thBITF dependency on current
density,j, in an Al conductor line, for a wide rangejpsuch as shown in Figure 11 (the solid
black dots with error bars were the original daténts). It clearly shows that at low current
densities, théITF data is best fit by = 1 (straight solid line), while at higher curretgnsities,
the MTF data is better fit by >1 (curved dotted line). Kirchheim and Kaeber hogresuggested
in their paper that these deviations occurringiglér current densities might have been caused
by Joule heating’

Plasticity, especially in the form described iis thaper as well as in the literatdie?> 2°
could just as likely be the source of such devieiof MTF dependency on at high current
densities. Ag increases, plasticity also increases leading ¢oeasingly higher EM fluxes (the
dashed, arrowed lines in Figure 11), and thus asungly lowerMTF, and therefore eventually a
current density exponemt,> 1 has to be used to fit the failure time disttibn.

However, under use conditions in which the tempeeais much lower (eg. 100°C), the
level of p associated with such elevated diffusivity is almiogpossible to reach, so that this
plasticity-amplified diffusivity is associated onlyith the high temperature and high current
density of the accelerated EM test. In other wotldkste is not likely to be much plasticity under

use conditions, and thus the diffusivity is domathtonly by interface diffusion, and
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consequently thtTF dependency opshould follow then = 1 line. This is consistent with the
observations of Kirchheim and Kaebe(Figure 11 shows data following = 1 line at low

reduced current densities, 0.2 — 1 MARnThis interpretation of the Kirchheim and Kaeber
data is consistent with the physical model (voidvgh limited failure) which has also been

observed through situ electromigration studies by Zschesttal .2’

on samples/materials similar
to those used in the present study.

It can be further stated that plasticity-amplifiddifusivity is simply an extra mode of
deformation under test conditions (which is noticghly present under use conditions), and that
its effect is wholly captured in the value being greater than unity. This plasticitffated n
could thus lead to inaccurate extrapolations etfiliies under use conditions. This is illustrated
in Figure 12.

Figure 12 illustrates the danger of overestimatieyice lifetime if, for example, we
simply take the thre®TF data points under acceleratedthe three solid black triangles in
Figure 12), and based on these data points, walatda (which will be larger than 1), and then
we use this to extrapolate from the accelerated conditioni{lp)go the use condition (loy.
That extrapolation is shown by the dashed-dotteé in Figure 12, and it clearly is an
overestimation of the device's actual lifetime (@xpmated by theMTF data at low reduced
current density).

To improve the accuracy of the reliability assessnoé¢ devices under use conditions, we
propose that the effect of plasticity has to beaesd from the EM lifetime equation. This can
be done simply by insisting am= 1 in our lifetime assessment (i.gwax calculation) which in
most typical EM test conditions will result in a maconservative prediction of device lifetime,

such as illustrated by the dashed line in Figure 12
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CONCLUSIONS

Plastic deformation behavior of Cu polycrystals idgr electromigration (EM)
experiments has been observed using a synchroé@mitjue involving white-beam X-ray
microdiffraction. The occurrence of the plastic &@br observed in these Cu lines appears to
depend on the availability of a <112> directionngdhe length of the Cu lines as the rotation
axis of the plastic deformation. Furthermore, vitie present set of Cu lines, we found that the
extent of theEM-induced plasticity was significantly larger coanpd to that observed in a
previous study. We propose that the crystallog@pditure of the Cu lines plays a primary role
in controlling the plastic behavior of the interoeet lines. Strong (111) texture leads to high
preference of <112> direction along the lengthhefline, and this subsequently leads to a higher
tendency for the grains to behave plastically ispomse to EM stressing. The extent and
configuration of dislocations in the Cu grains indd during this accelerated EM testing could
lead to another competing EM diffusion mechanismaddition to interface diffusion. It is
suggested that this plasticity effect can be cateel to the measured value of current density
exponent,n, in Black’s equation and thus has important inmgilans for the way device
lifetime/reliability is assessed. A new methoditdtime extrapolation for electromigration (EM)
by insisting to usen = 1 is proposed that avoids potentially dangerand overestimating
lifetime prediction based on the current method@egusing measured value of from

accelerated test conditions.
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APPENDIX

The parametdd ., takes into consideration only the diffusion alahg dislocation cores

for the overall length of specimen of interest, evhivould be true only for a single crystal Cu
along the full length of the line. In this studigetlines are polycrystalline, and thus the effdct o

grain boundary diffusion must be considered. Heeestudy quantitatively the impact of grain

boundary diffusivity on the overall dislocation eatiffusion (D).

core
We first consider the grain boundary region asstlated in Figure 13, and suggest a
relation between the mean distanBethat atoms need to travel in the grain boundagyon
before finding another set of dislocation coresobging to the next grain, and the dislocation
density,pcore, In the Cu lines induced by the electromigratioocess itself. As can be expected,
Ris inversely related tacre (Or in other words, the more dislocation coreshim ¢ross-section of

the Cu lines, the smaller the diffusion distancthimgrain boundary region).
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We can deduce that, based on the illustrationgarg 13, that

R= 1

\/E!pcore = |2

1

V 2p core

wherel is the mean distance between dislocation cores,Rarsdthe mean distance of grain

and thus, R= (Eb)

boundary diffusion. We can now consider the effectdiffusion along a hypothetically
continuous dislocation core, as well as the adafifeision along the dislocation core and along
the grain boundaries connecting dislocation canesnie grain with those in another, for a grain
size,L. For the effective core diffusion along the hymtital dislocation core of length the

flux, Jg, can be expressed as

_DEﬁCd,u

core

= = Eq7
“ ~TTRT dx (Ea?)
wherec = 1/Q (c = concentration of diffusing specie€, = atomic volume)u = chemical

potential,x is the axis of the diffusion direction along thiglocation core, an®d:_, k and T

have been defined before. This is illustrated guFe 14(a).

We now consider the combined diffusion along tttei@ dislocation core$¢qre) and
along the adjoining grain boundaify), for a normalized diffusion distande, Thefore 5

simply the dislocation core diffusivity when grdoundary diffusion for a mean distanBehas
been considered. This is again illustrated in FedLt(b). They, is the effective width of the grain

boundary.

The mass flow along a dislocation coeg,. , is simply
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qcore = 'Jeff acore ' (Eq8)

as is clear from Figure 14(a), wheag,. is the cross-sectional area of a dislocation core

(=ar2.). The mass flows in Figure 14(b) consist of:
1) mass flow along the dislocation cotgyre

2) mass flow along the grain boundary regiag,

Now considering the diffusion along a dislocaticore of lengthL, as driven by the

chemical potential differencéy;, it is expected that

D.. Au
J, = —_—core 1 ' Eq9
OKIQ L (Ead)
. D.. Au
which leads to =Ja,, =(—2""1)(a2 ). EdL0
qcore 1™~core ( kTQ L )( core) ( ql')

Along the grain boundary region, which can be nedl@s a donut-shaped disc (Figure
15) with disc thicknessig,, and inner diameter., and outer diameteR, the diffusion can be
described as follow

ng = ‘]2 (nggb) ' (qul)

or equivalently,

D, \d
—oms. J-| = |24 Eql12
Ugo gb{ (kTQ] dr} (Eql2)

where (g, is the mass flow along the grain boundary, &nid the grain boundary mass flow per
area, while the variablgsandr are the chemical potential and radius/distanadifaision from

the center of the disc, respectively. Howeggris not a function of (+# f(r)), and thus should

be a constant. Consequently, by rearranging Equagiowe find
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kTQ du
—q, —c - _ const. Eql3
oo 275,Dy,  dr (B3

Integrating and further rearranging leads to

kTQ R
A, =— In , Eql4
/u2 ng Zﬁdgb ng ( rcore j ( q )

whereu, is simply the integrated chemical potential diéiece for diffusion along the grain
boundary region from =rgetor =R
In the combined diffusion along the actual distaacore and along the grain boundary

region (Figure 14(b)), mass conservation requires
qcore = ng! (quS)
which after substituting Equations 10 and 14 wdeé&t! to

Doyre Alt 2104, D,
_m,z core_lz_A g g . Eal6
=T L 2kTQin(Rir.) (9

Obviously, the combined chemical potentit, can be described as follows

Ap = Ap + Aty . (Eqly)

Combining Equations 16 and 17, we find
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Aty = 20Dl Au. (Eq18)
2§gb ng L + rcf)re Doore ln(R/roore)

eff
core?

To derive the effective diffusivity of the corefdision, D_, ., we rewrite Equation 10

2 Dcore A/Jl
EKTQ L

Ueore = —71

and by substituting Equation 18, we find

Ap
—_, Eql9
264D L +r15.D In(R/rcore)} L (Eal9

=—nf
qcore core kTQ

core — core

2 Dcore{ 259b ngL

which suggests that

20,D,L
Dc?cf)fre = Dcore gb . . (quo)
2§nggb L+ rcore Dcore In(R/rcore)
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FIGURE CAPTIONS

FIG. 1. SEM images and schematic drawings of the Cu iaterect test structures in this
experiment; (a) SEM image of the test structurgjrflsitu electromigration experiment; (c) two

sets of test structures of different dielectricesuls: lowk vs hybrid.

FIG. 2. The typical evolution of Laue diffractions spoterh Cu interconnect test structures

duringin situ electromigration experiments.

FIG. 3. Laue diffraction images of the cathode end of the hfter 36 hours of testing. In the
images at left (a), streaking and/or splitting af Caue diffractions spots throughout a segment
of the line is observed. Dislocations were obsemvétl cores aligned with the direction of the
electron flow in the line (consistent with earli@bservation$®) across grains throughout the
length of the segment of the line are observedhasn schematically at right (b) (*Grain map is

estimated based on streaking observation).

FIG. 4. Dielectric effects: the Laue peak streaking/dplittobserved from Cu interconnect test

structures with (a) lovi; and (b) hybrid dielectrics; in6 space/contour intensity plot.

FIG. 5. Samples A vs. B comparison: the schematic of thesesections (color code refers to
different materials), typical evolution of Cu Lawffraction spots (from "Initial" to "EM"
states), and lastly, the typical densities of GNiDplied by the extent of streaking/splitting of

Laue peaks; (@) Samples A (Cu lines reported inpoevious studié?); and (b) Samples B (Cu
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lines reported in this study); They were fabricatgddifferent manufacturers. (*Taken as that of

typical annealed metals)

FIG. 6. Comparison of Samples A vs. B: the texture con@tata) Samples A (from References
4-6) have a weak (111) texture, and "less plagticithereas; (b) Samples B (Cu lines reported
in this study) have strong (111) texture, and "nqaessticity.” The schematic at right illustrates
that the strong preferred in-plane orientation 1) grains leads to a preferred <110> to the

sidewalls and <112> along the direction of lengtthe lines (Courtesy of Besseral.?).

FIG. 7. Schematic of a grain containing same-sign edgeahsibns with cores running along

the direction of the electron flow in the intercechline.

FIG. 8. lllustration of bamboo grains with dislocation cemeinning along the direction of the
electron flow in the line under electromigratiom$i Dislocation cores from one grain end at the
grain boundaries. Atoms traveling across multipteirgs must diffuse along grain boundary

regions, before finding another set of dislocatiores in the next grain.

FIG. 9. Comparison of diffusivities as a function of tengtere betweeD.y. (Only dislocation

eff
core

core diffusion, no grain boundaryp_ _(considering the effect of grain boundary; as it-ias

shown in Table 2), and an extrer®§" _(considering the effect of grain boundary diffusasif

it is lattice diffusion). Diffusivities were calcatled using values summarized in Table 1.
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FIG. 10. Calculated diffusivities as a function of temperatbetween the interface diffusion
path and those of dislocation cores of various itiessin Cu interconnect lines (m?

10"/m?, 10"/m?). Each diffusion mechanism is assumed to act alone

FIG. 11. Kirchheim and Kaeber's experimentdlTF dat&* (reproduced manually here to the
highest accuracy possible from Reference 24; faritgl and improved image resolution) as a
function of reduced current densifys j«it (all the solid features); The dotted and dasheeksli

are added to lead to our argument.

FIG. 12. lllustration of the impact of the current exponémton the extrapolated lifetime. The
danger of overestimation of device lifetime by gsm> 1 is shown (dotted-dashed line), as is
the more conservative extrapolation usmg= 1 (dashed line), which is closer to the actual
device lifetime in use conditions. The reproducdactitheim and Kaeber's experimentdTF

dat&” is again used here for illustrative purposes.

FIG. 13. lllustration of the grain boundary region of twontdaoo grains with dislocation cores
running along the direction of the electron flow time line under an electromigration bias.
Atoms traveling along the cores of the first grégalid lines, closed circles) must diffuse in grain
boundary regions for the distand®, before finding another set of dislocation comeghe next

grains (dashed lines, open circles).

FIG. 14. lllustration of (a) a hypothetically continuous Idisation core diffusion along a

specified diffusion distancd,, and (b) the combined effects of dislocation comesl grain
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boundaries along a normalized diffusion distanceraly, is the effective width of the grain

boundary.

FIG. 15. lllustration of the diffusion along the grain baany region with indications of the

parametersR, rcore, Ggo aNddgs) as used in the analyses.
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TABLE CAPTIONS

TABLE 1. Values used to determine influence of grain boundiiffusion on the overall
transport kinetics in the Cu line under EM. Thefudifvities Og,, Dcore) are described in the
usual way byD = D, expEEA/KT) whereE, is the activation energy), is the pre-exponential

constant, andt is the Boltzmann's constant. The subscigptsefers to grain boundary diffusion.

TABLE 2. Values of the two parameters/terms in Equatioor3denominator of Equation 2)

calculated based on values listed in Table 1.

TABLE 3. Values used to determine diffusions in Cu interemt® as a function of temperature
(Figure 10).D, is the pre-exponential constant dfylis the activation energy. The subscriis
and core refer to interface and core diffusions, respetyivé@he o is the effective interface

diffusion thicknessh is the thickness of the Cu lines, amg. is the area of a dislocation core.
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Variable

T
EA,gb

L

I'core
Encore
r2 D

core — core

PGND

R

Value

300° C=573K
1.08 eV

1.6 x 107 m’/s
1um

0.25A

1.21 eV

7.3 x 10° m's
10"/m?

22 nm

Reference/Remarks

Following T,y in "Experimental”
Refs. 14-17

Calculated, Ref. 14

Estimated based on "Results"
Ref. 14

Ref. 14

Calculated, Ref. 14

As observed in "Results"

R = 1/2pCOI’e

Table 1
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Parameter/Term in Equation 17 Value

20gDgnl 3.2x10°m's

r2.D,.In(R/r,.) 5.0 x 10*° m'/s

core — core

Table 2




Variable

Value

Reference/Remarks

0Doint

h

Eaint
AcoreDo core

EA,core

3.4 x 10 m’s
0.2um

0.91 eV

1.0 x 10 m¥s

1.21eV

Based on SiN/Cu, Ref. 15
"Experimental” Section
Based on SiN/Cu, Ref. 15
For copper, Ref. 14

For copper, Ref. 14

Table 3
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